We apply a combination of analytical modeling, hybrid simulations, and data analysis techniques to provide a comprehensive study of magnetometer data from four Galileo flybys of Callisto (C21, C22, C23, and C30) that have never been discussed in the literature before. Callisto's distance to the center of Jupiter's magnetospheric current sheet varied considerably from flyby to flyby. Therefore, the relative strength of the magnetic field perturbations due to Callisto's plasma interaction with Jupiter's magnetosphere and induction within Callisto's subsurface ocean drastically changed as well. During C21, a strong magnetic field perturbation along the corotation direction was detected in Callisto's geometric plasma shadow. This enhancement can be explained with Callisto's steady state plasma interaction only, if the upstream flow possessed a nonnegligible component away from Jupiter. During C22, Galileo only grazed Callisto's Alfvén wings which were elevated out of the flyby plane due to the ambient magnetospheric field orientation. During C23, the combination of an inclined flyby trajectory and finite gyroradius effects caused Callisto's observed Alfvén wings to be slightly asymmetric between both hemispheres. During C30, a discontinuity with a surface normal pointed toward Jupiter was detected within Callisto's geometric plasma shadow, similar to the earlier C10 flyby. Due to strong plasma interaction and an unfavorable flyby geometry (C21), a large closest approach altitude (C22), or weak inducing field (C23 and C30), no discernible induction signatures were observed during these four flybys. Based on data from all available Galileo flybys, we determine requirements on future flyby geometries that must be satisfied for an identification of Callisto's subsurface ocean in magnetometer data.
Introduction
The four Galilean moons of Jupiter experience a time-varying magnetospheric background field, driven by the 9.6 ∘ tilt of Jupiter's magnetic moment with respect to its rotational axis. As a result of this tilt, Jupiter's magnetic equator and associated magnetospheric current sheet continually sweep through its rotational equatorial plane, where the orbits of the Galilean moons are located. At the icy moon Callisto, this effect is especially pronounced. Orbiting at a distance of 26.3 R J (radius of Jupiter: R J = 71,492 km), Callisto experiences variations of the magnetospheric field strength by an entire order of magnitude (4-40 nT) throughout a single synodic rotation (10.2 h), depending on the moon's magnetic latitude .
With a radius of R C = 2410 km, Callisto is the second largest of the Galilean moons and is thought to have an electrically conducting subsurface ocean at a depth of at most 300 km [Zimmer et al., 2000] . Although Callisto is devoid of an internally generated dynamo field [Khurana et al., 1997] , the time-varying Jovian magnetospheric field induces currents within the ocean which manifest, to first order, as a dipolar magnetic field outside of the moon.
During the Galileo mission to the Jovian system between 1995 and 2003, Callisto's magnetic environment was observed during seven targeted flybys, denoted C3, C9, C10, C21, C22, C23, and C30. The magnetometer on board Galileo was not active near Callisto during the C20 flyby, which is therefore not relevant to this study.
Initial modeling attempts to identify the signature of Callisto's subsurface ocean in Galileo magnetometer data considered only induction in the moon's interior but neglected any currents associated with the plasma interaction. In this way, the magnetic field perturbations observed during the first two Galileo flybys of Callisto (C3 and C9) were successfully interpreted as the inductive response of a perfectly conducting layer beneath the moon's surface [Khurana et al., 1998; Kivelson et al., 1999; Zimmer et al., 2000] . However, using a simple induction model for flybys other than C3 and C9 was shown to be unsuitable as currents generated by Callisto's plasma interaction were nonnegligible during the five remaining encounters.
The first to study Callisto's plasma interaction within the framework of a numerical simulation was Seufert [2012] . This author applied a magnetohydrodynamic (MHD) model to calculate the flow deflection and field line draping associated with the interaction between Jupiter's magnetospheric plasma and Callisto's ionosphere. However, these MHD simulations did not consider Callisto's induced dipole : Seufert [2012] simply added the dipole field to the output of the MHD model after the simulation had reached a stationary state. The important feedback between the plasma interaction and the induction effect was neglected, and the governing system of equations was not consistent.
Subsequently, Lindkvist et al. [2015] used a hybrid model to analyze the plasma interaction with Callisto's induced dipole. Consistent with Zimmer et al. [2000] , these authors were able to reproduce Galileo magnetic field observations from the C3 and C9 flybys. However, since their model did not include the plasma interaction with Callisto's ionosphere, Lindkvist et al. [2015] were not able to explain Galileo data from the C10 encounter.
this wakeside core region from the plasma interaction. In particular, the ionospheric plasma speed in that region is on the order of only 1 km/s [see Strobel et al., 2002; Liuzzo et al., 2015] and therefore much too small to cause any significant deformation of the dipole field. The nearly "uncontaminated" inductive response of the moon's subsurface ocean was therefore still visible in C10 magnetometer data from within this region. These two distinct magnetic regimes were separated by a rotational discontinuity, where the observed magnetic field vector rotated by approximately 50 ∘ over a spatial scale of only 0.09 R C .
For the C10 flyby, the approach of Liuzzo et al. [2016] was successful in identifying the magnetic signature of Callisto's subsurface ocean in the complex admixture of plasma interaction and induction. Magnetometer data from the four remaining Callisto flybys (C21, C22, C23, and C30) may also include contributions from both induction and plasma interaction. However, the magnetic field data sets from these four Callisto flybys have not yet been subject to any modeling attempts. The goal of our study is therefore to identify the contributions of plasma interaction and induction to the magnetic field perturbations detected during the C21, C22, C23, and C30 encounters. In analogy to our preceding study [Liuzzo et al., 2016] , this will be accomplished through a combination of data analysis and hybrid modeling. Studying the magnetic field observations from the remaining Callisto encounters is particularly important since the impact of plasma currents on the visibility of the induction signal has so far been understood for only a single flyby, namely, C10.
In conjunction with our two preceding studies [Liuzzo et al., , 2016 , the present work will create a comprehensive picture of Callisto's magnetic environment as observed during the Galileo era. Understanding the measured magnetic perturbations during the few available Callisto encounters is also useful for the upcoming JUICE (JUpiter ICy moons Explorer) mission that will include multiple flybys of the moon and aims to constrain properties (i.e., conductivity, thickness, and depth) of its subsurface ocean.
The structure of this study is as follows: the encounter geometries of the four remaining Callisto flybys are discussed in section 2, followed by a brief description of the hybrid simulation model (section 3). A flyby-to-flyby analysis of the observed magnetic field signatures follows in section 4, including comparisons of model results to Galileo magnetometer data. Finally, a brief summary of our major findings is given in section 5, along with a discussion of requirements on the geometries of spacecraft flybys that aim to identify Callisto's subsurface ocean in magnetometer data.
The Four Final Galileo Flybys of Callisto
Throughout the study, the Cartesian CphiO coordinate system is used. This system is centered at Callisto, with unit vectorx aligned with the corotational flow direction andŷ pointed toward Jupiter. Unit vectorẑ is aligned with the Jovian spin axis and completes the right-handed set. Figure 1 shows the trajectories of the four Galileo flybys studied (C21, C22, C23, and C30), projected onto the x = 0, y = 0, and z = 0 planes of the CphiO system. The location of the Sun during each flyby is denoted by a colored circle. All four encounters were wakeside passes, with their trajectories located within only 0.25 R C of Callisto's equatorial (z = 0) plane. The trajectory of each flyby was slightly inclined toward upstream with respect to the spacecraft's direction of travel. During the C21 flyby, Galileo traveled from Callisto's Jupiter-averted (y < 0) hemisphere to its Jupiter-facing (y > 0) hemisphere. However, during the C22, C23, and C30 flybys, the spacecraft traveled from the moon's Jupiter-facing hemisphere into its Jupiter-averted hemisphere, as indicated by the arrows in Figure 1 . Table 1 includes information on the trajectory of each flyby. The closest approach (C/A) altitude of the spacecraft ranged from only 131.9 km (0.05 R C ) during C30 up to 2299.3 km (0.95 R C ) during C22. At C/A of the four flybys, Callisto's distance h cs to the center of Jupiter's magnetospheric current sheet [see, e.g., Smith et al., 1974 [see, e.g., Smith et al., , 1975 ranged from h cs = 0.87 R J north (C23) to h cs = −4.31 R J south (C22).
As discussed in section 1, the physics of Callisto's magnetic environment (plasma interaction versus induction) change as a function of |h cs |. In our study, we give the physical effects precedence over the chronology of the flybys and therefore analyze the magnetic field observations in order of decreasing |h cs |: C22 is discussed first in section 4.1, followed by C21 in section 4.2, C23 in section 4.3, and lastly C30 in section 4.4. charge-neutralizing fluid. A kinetic representation of the ions is required to study Callisto's interaction, as freshly generated O + 2 and CO + 2 pickup ions gyrate on spatial scales up to 10 times larger than the radius of the moon. Depending on Callisto's location with respect to the center of Jupiter's magnetospheric current sheet, the gyroradius of the impinging magnetospheric ions may also exceed the moon's radius by more than a factor of 3 Liuzzo et al., 2015] . Capturing the resulting asymmetries in Callisto's plasma interaction is beyond the capabilities of any fluid model. 
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AIKEF has already been used for extensive studies of Callisto's plasma environment. In particular, the model has been successfully applied to quantitatively explain Galileo magnetic field and plasma data from the C3, C9, and C10 flybys [Liuzzo et al., , 2016 . The plasma interaction of numerous Saturnian moons has also been studied with AIKEF, including most recently Titan and Enceladus [Kriegel et al., , 2014 . Therefore, only a brief description of the model is given here. For a more detailed discussion, the reader is referred to those preceding works and references therein.
The modeled atmosphere surrounding Callisto consists of O 2 and CO 2 and is asymmetric between its ramside and wakeside hemispheres. Due to uncertainties in the processes that generate Callisto's atmosphere (sputtering versus sublimation), a day-night asymmetry of the atmosphere has also been tested in our earlier simulations for C3, C9, and C10, as well as in the simulations for the flybys presented in this study. However, consistent with the findings of Liuzzo et al. [2015] , the magnetic signatures of Callisto's plasma interaction were nearly unchanged, regardless of whether a day-night or ram-wake asymmetry was applied. The implemented atmosphere model is consistent with the few available observations of Callisto's atmosphere, specifically those from the Galileo mission and several Hubble Space Telescope campaigns [see, e.g., Carlson, 1999; Cunningham et al., 2015, and references therein] . For a more detailed discussion of the atmosphere model, the reader is referred to section 2.3 and Table 3 of Liuzzo et al. [2015] .
Solar ultraviolet radiation and electron impacts ionize the neutral atmosphere to form an ionosphere around Callisto [e.g., Kliore et al., 2002; Strobel et al., 2002] . In the AIKEF model, the wavelength-dependent solar EUV flux model for aeronomic calculations [Richards et al., 1994 ] is used to calculate photoionization rates, and energetic electrons are assumed to precipitate isotropically onto Callisto's atmosphere. The ionospheric plasma densities produced with this model were shown to be quantitatively consistent with Galileo measurements from the C10 flyby [Liuzzo et al., 2016] . A complete description of the ionosphere model is available in Liuzzo et al. [2015 Liuzzo et al. [ , 2016 .
Recently, Hartkorn et al. [2017] presented a three-dimensional fluid-kinetic model of Callisto's ionosphere that was able to explain all available radio occultation data from Galileo [Kliore et al., 2002] . These authors showed that even when Callisto's dayside and ramside hemispheres do not coincide, an ionosphere is present in the moon's dayside hemisphere (see, e.g., Figure 10 in that work). This finding is consistent with Galileo plasma observations during the wakeside/dayside C3 flyby, which revealed cold plasma densities on the order of 100 cm −3 [Gurnett et al., 1997] . Hybrid modeling results for the C3 flyby without an ionosphere around Callisto [Lindkvist et al., 2015] showed a density increase to values less than 2 cm −3 in the moon's wake. However, hybrid simulations by Liuzzo et al. [2015] that included Callisto's ionosphere were able to generate densities on the order of 100 cm −3 downstream of Callisto, consistent with the C3 measurements. Moreover, for the C10 flyby (where Callisto's dayside and ramside hemispheres were also antialigned), analyses of plasma data by Gurnett et al. [2000] and Liuzzo et al. [2016] came to the same conclusion of an ionosphere at Callisto.
Only during the ramside/nightside C9 flyby the radio occultation measurements did not reveal any discernible ionosphere. Hartkorn et al. [2017] demonstrated that C9 was an isolated event during a time of very low solar flux (reduced by 35% compared to the other flybys with radio occultation data available). Therefore, the ionospheric density near Callisto's terminator (which was accessible to the radio occultation technique) may have been too low for detection. The studies of Gurnett et al. [1997 Gurnett et al. [ , 2000 , Liuzzo et al. [2015 Liuzzo et al. [ , 2016 , and Hartkorn et al. [2017] disprove the hypothesis of Kliore et al. [2002] that an ionosphere is formed only when Callisto's dayside and ramside hemispheres coincide. Thus, the ionosphere is an omnipresent component of Callisto's plasma interaction that needs to be considered by any realistic model. Liuzzo et al. [2015] systematically investigated the influence of Callisto's ionosphere on its magnetic environment for different relative orientations of the dayside and ramside hemispheres (denoted by the local time LT), and demonstrated that changes in the LT have only a minor quantitative influence on the magnetic perturbations near Callisto. A similar effect has been observed for the plasma interaction of Titan [Ledvina et al., 2012] as well. However, the ionosphere does control the strength of the magnetic field perturbations in Callisto's Alfvén wings [Liuzzo et al., 2016] . Therefore, Lindkvist et al. [2015] , who did not include Callisto's ionosphere within their model, could not reproduce magnetic field data from the Galileo C10 flyby (for further discussion, see section 5, item 5 in Liuzzo et al. [2016] Box size
a The magnetospheric background field at closest approach (B 0 ) and upstream flow velocity vector (u 0 ) are included, along with the upstream ion mass (m i,0 ), number density (n i,0 ), and plasma beta ( i,0 ). The upstream plasma is assumed to consist of singly charged oxygen ions (see Kivelson et al. [2004] and Liuzzo et al. [2015 Liuzzo et al. [ , 2016 ) ion species are included for each simulation. Finally, the box size and maximum resolution of the hierarchical grid in the hybrid simulation [Müller et al., 2011] are included in units of Callisto radii. The large box size has been chosen to prevent any impact of the outer boundary conditions on the plasma signatures near Callisto. Note that the size of the simulation domain is much larger than the regions shown in field B ind induced within the moon's subsurface ocean can be represented by a dipole [Zimmer et al., 2000] . Outside of Callisto, this induced field is given by
where r is the vector from the center of Callisto to a point r outside of the moon at distance r = |r|. The induced magnetic moment M ind can be represented as
In equation (2), the amplitude A and phase lag are determined by the conductivity, thickness, and depth of Callisto's subsurface ocean. Khurana et al. [1998] , Kivelson et al. [1999] , and Zimmer et al. [2000] modeled Galileo magnetometer data from the C3 and C9 flybys to show that when the plasma interaction is negligible, the inductive response of Callisto's subsurface ocean can be described by a perfectly conducting layer (A = 1) with no phase lag ( = 0). The analysis of Liuzzo et al. [2016] for the C10 flyby showed that when including the moon's plasma interaction, using A = 1 and = 0 for the ocean is still consistent with Galileo magnetometer data. Similar to Khurana et al. [1998] , Kivelson et al. [1999] , Zimmer et al. [2000] , and Liuzzo et al. [2016] , we therefore again use A = 1 and = 0 in the present study.
The timescale of Callisto's plasma interaction is much shorter than the period of the inducing magnetospheric field (minutes compared to hours, see, e.g., Liuzzo et al. [2015] and Seufert et al. [2011] ). Therefore, the induced dipole at Callisto is treated as static throughout the course of a hybrid simulation. This approach is consistent with numerous preceding studies of plasma interaction and induction at the Galilean moons [e.g., Zimmer et al., 2000; Rubin et al., 2015; Lindkvist et al., 2015; Liuzzo et al., 2015 Liuzzo et al., , 2016 , and references therein].
Multiple simulations for each Callisto flyby have been performed by systematically varying the incident magnetospheric flow conditions. However, only a representative selection of the most insightful runs for each flyby is presented in this study. Table 2 lists the upstream plasma parameters for the included model runs, along with relevant numerical parameters of the hybrid simulations. The chosen upstream parameters are within the range of measured values at Callisto's orbital distance . However, the specific upstream plasma moments at the time of each Callisto flyby are not available in the peer-reviewed literature. For this reason, the upstream conditions in the hybrid simulations are partially used as free parameters to adjust the modeled plasma interaction signatures to Galileo magnetometer observations.
The parameter space that needs to be explored for each of these remaining flybys is vast and-apart from magnetic field data-not constrained through plasma observations on a flyby-to-flyby basis. Therefore, we do not expect to achieve agreement between model output and all observed magnetic field signatures. Rather, we use output from a number of selected simulations as a guide to isolate the plasma interaction features from those signatures generated by induction.
Results and Discussion

The C22 Flyby
The Galileo C22 flyby of Callisto occurred on 14 August 1999 (see Table 1 ). With a closest approach (C/A) altitude of d C∕A = 2299.3 km = 0.95 R C , the C22 flyby was the most distant of all Galileo flybys. During this encounter, Callisto was located at a distance of h cs = −4.31 R J south of the center of the Jovian magnetospheric current sheet, which was the largest value during any of the Callisto flybys. At this distance, the magnetic signal of induction is expected to clearly dominate over the plasma interaction signatures [see, e.g., Kivelson et al., 1999; Zimmer et al., 2000; Liuzzo et al., 2015] . The measured magnetic field was only slightly perturbed during the C22 flyby. These perturbations included three regions that displayed a weak increase in B x of approximately 5 nT above the magnetospheric background value of B x,0 ≈ 7 nT (labeled I, II, and III in Figure 2a ). As is visible in Figure 2a , the first of these segments (I) began before entering Callisto's geometric plasma shadow and continued to before C/A (from 08:15 to 08:26). The second (II) and third (III) segments were observed at the outbound edge of the moon's geometric plasma shadow, between 08:33 and 08:41 and between 08:41 and 08:50, respectively. The B z perturbations in segments I and II were anticorrelated to the B x perturbations: B z decreased from B z,0 ≈ −11 nT to B z ≈ −15 nT on both sides of the plasma shadow. The B y component displayed only weak, short-scale fluctuations on the order of 10% of the background value (B y,0 ≈ 30 nT). If any of these observed magnetic field perturbations were generated by Callisto, they would represent the weakest interaction signatures of the moon during all of the Galileo flybys [cf. Kivelson et al., 1999; Zimmer et al., 2000; Liuzzo et al., 2016] .
During the C22 flyby, the magnetospheric background field was weakly inhomogeneous (see Figure 2a ). In the AIKEF model, this inhomogeneity is included by using the expression
for the background field, thereby ensuring ∇ ⋅ B 0 = 0 within the simulation. A similar treatment of the magnetospheric field was used by Liuzzo et al. [2016] for the C10 flyby. At closest approach of C22, the background field
nT and forms an angle of about 19 ∘ with the z = 0 plane. According to equation (2) Liuzzo et al. [2016] for C10 (|M ind | = 2.42 ⋅ 10 18 Am 2 ).
At the "magnetic poles" of Callisto (i.e., x ≈ 0, y = ±1 R C , and z = 0), the induced magnetic moment for C22 results in a maximum surface field strength of 32.21 nT. However, due to the r −3 dependence of the induced dipole, the maximum observable field strength at an altitude of d C∕A = 0.95 R C above the moon's magnetic poles would have been |B ind,max | = 4.32 nT. Therefore, the ratio of Callisto's induced field to the magnetospheric background field could not have exceeded 13% at this altitude. This value is too small for the magnetic signature of the moon's subsurface ocean to be clearly identifiable over the ≈10% fluctuations of the magnetospheric background field observed throughout the entire flyby. Additionally, the geometry of the C22 trajectory prevented the spacecraft from passing near Callisto's magnetic poles where |B ind | maximizes. The blue lines in Figure 2a , which show the magnetic field signature along the C22 trajectory generated 
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by the induced dipole alone (see equations (1) and (2)), clearly demonstrate that identification of the induction effect was not feasible in magnetometer data from this flyby. In other words, although a strong induction signal should have been present at the time of C22, the large C/A altitude prevented detection of this signature.
We now investigate whether Callisto's plasma interaction (with the combined dipole-ionosphere obstacle) made any measurable contributions to the magnetic signatures observed during the C22 encounter. Figures 2b-2d show two-dimensional color plots of the modeled B x , B y , and B z components in Callisto's z = 0 plane (which also contains the moon's induced magnetic moment) obtained from the hybrid simulation. The B x signatures in the immediate vicinity of Callisto (see Figure 2b ) are mainly generated by the induced dipole. The induced field lines leave Callisto in its Jupiter-averted (y < 0) hemisphere and return to the moon in its Jupiter-facing (y > 0) hemisphere. A "shamrock"-like structure is visible in Figure 2b , with regions of (red) increased B x where the field points toward downstream and regions of (blue) decreased B x where the field points toward upstream. The background value B x,0 ≈ 7 nT is depicted in white. The induced dipole is only weakly affected by the plasma interaction: at the ramside of Callisto (x < 0), the induced field is slightly compressed and the two "shamrock leaves" are convected toward downstream. The two dipole "leaves" in B x emerging from Callisto's wakeside hemisphere (x > 0) are also slightly stretched along the corotation direction.
Along the Galileo trajectory, the plasma interaction effectively increases the strength of the B x perturbations generated by the induced dipole. This is visible in Figure 2a from 08:20 to 08:41. While in this region the pure dipole (blue line) shows only a weak, bipolar B x signature, the plasma interaction (red line) enhances B x symmetrically around the y = 0 line. The slight B x enhancement detected within segment II of Figure 2a might therefore have been generated by stretching of the induced dipole due to the plasma interaction. This feature arises from the deformation of the positive B x shamrock leaf in Callisto's wake, as visible in Figure 2b . However, the modeled decrease in B x associated with the plasma interaction in segment I was not observed by Galileo, which instead detected an increase at this location. In segment III, Galileo detected an increase in B x , while the model suggests no perturbation. We have carried out multiple simulations with different sets of upstream parameters within the regime proposed by Kivelson et al. [2004] . However, we did not find a parameter combination that produced a similar B x perturbation as detected by Galileo in regions I and III.
The weakly inhomogeneous magnetospheric background field is mainly visible in Figure 2c , which depicts the modeled B y : over a distance of 16 R C , the B y component changes by nearly 15 nT. Since the background field is antialigned with Callisto's induced magnetic moment, the B y component near the moon's magnetic poles is reduced (depicted in blue). However, B y is also reduced near Callisto's "magnetic equator" (near y ≈ 0), since the ambient magnetospheric field is partially prevented from penetrating into Callisto's ionosphere [see also Liuzzo et al., 2015] . Above the ionosphere, the magnetospheric field weakly piles up against the obstacle, as visible at the ramside of Callisto from −3 R C ≤ x ≤ −1.4 R C in Figure 2c . The slightly negative B y perturbations measured by Galileo after exiting Callisto's geometric plasma shadow (segment II in Figure 2a) were probably generated by the interaction of the induced dipole with Jupiter's magnetospheric plasma. Similar to the B x signature in that region, the plasma interaction results in a slightly stronger magnetic perturbation than the pure dipole alone.
As Callisto's induced magnetic moment is confined to the moon's equatorial plane, the modeled B z component in Figure 2d shows no dipolar signatures. Rather, the modeled perturbations in this component are mainly associated with Callisto's weak Alfvén wings. The directions of the two Alfvén wing characteristics  ± can be calculated from
where u 0 is the upstream magnetospheric bulk velocity and v A,0 is the Alfvén velocity in the undisturbed magnetospheric plasma [Neubauer, 1980] . By inserting the upstream parameters from Neubauer, 1980, equation (4) ]. At larger distances to Callisto (well outside of the modeled simulation domain) the Jupiter-facing Alfvén wing connects the moon to Jupiter's south polar ionosphere, while the Jupiter-averted wing connects the moon to Jupiter's north polar ionosphere.
In Figure 2d , the weak positive B z perturbation (depicted in red, extending into the y > 0 hemisphere) corresponds to Callisto's Jupiter-facing (southern) Alfvén wing. The slightly larger angle between Callisto's equatorial plane and the moon's Jupiter-averted (northern) Alfvén wing (19.2 ∘ compared to 17.5 ∘ ) results in an even weaker magnetic signature of the Jupiter-averted wing (depicted in blue, extending into the y < 0 hemisphere) in this plane. The B z perturbations associated with the Alfvén wings do not exceed 10% of the background field strength; i.e., they are much weaker than the modeled perturbations in B x and B y . We refrain from showing slices through the planes defined by u 0 and  ± , as the respective magnetic signatures are very similar to those already shown in [Liuzzo et al., , 2016 .
Hence, the hybrid model suggests that Galileo simply missed the central regions of Callisto's already weak Alfvén wings during the C22 flyby. Rather, the spacecraft grazed the outer regions of the wings where the draped magnetic field lines close [e.g., Simon et al., 2011, Figure 8] . In segment II of the C22 trajectory, the modeled decrease of B z is in qualitative agreement with Galileo data but is much weaker than the observed perturbation. In segment I, however, the model shows no discernible B z perturbations which is consistent with the interpretation of the observed B x and B z signatures in this region being magnetospheric in origin and unrelated to Callisto. Neither the hybrid model nor the observations show any B z perturbation in segment III. by more than an order of magnitude. Therefore, the CO + 2 ions act only as test particles that do not have a discernible effect on the magnetic field [see Liuzzo et al., 2015] . The asymmetries associated with the large O + 2 ion gyroradii (on the order of 1 R C ; see Table 2 ) are mainly visible in planes perpendicular to the background magnetic field (see Figure 2g ). For C22, the density structures in the z = 0 plane are therefore nearly symmetric between the y < 0 and y > 0 hemispheres of the moon (Figure 2f ). The slight shift of the tail into the y < 0 half-space is generated by the positive B x,0 component of the background field Simon and Motschmann [2009] . In Callisto's equatorial wake, the escaping O + 2 ions are confined to a narrow outflow channel located within y = ±2 R C . The apparent fragmentation of the pickup tail visible in Figure 2f is caused by the asymmetric, "wavy" structure of the tail perpendicular to B 0 , which is visible in the y = 0 plane (see Figure 2g ).
The electron density displayed in Figure 2e also shows a channel-like enhancement in Callisto's wake. The modeled electron density reaches a maximum value of n e ≈ 0.3 cm −3 along the flyby trajectory just before C/A (see Figure 2a , fifth panel). While there is no time series of the measured electron density available for C22, Gurnett et al. [2000] were able to use plasma wave data to obtain an estimate for the electron density in Callisto's geometric plasma shadow of approximately n e = 0.21 cm −3 . This value is in reasonable agreement with both the magnitude and the location of the peak value obtained from the hybrid model along the flyby trajectory.
During the earlier C10 encounter, Galileo detected electron density enhancements on the order of n e ≈ 400 cm −3 in Callisto's geometric plasma shadow, which was successfully reproduced by the hybrid model of Liuzzo et al. [2016] . This enhancement was attributed to strong plasma outflow from the moon's ionosphere during the C10 flyby [Gurnett et al., 2000; Liuzzo et al., 2016] . During C22, there was no enhancement of the electron density measured in Callisto's wake that was even remotely as strong as during the C10 encounter. However, the maximum modeled electron density along the C22 flyby trajectory of n e ≈ 0.3 cm −3 is not only in agreement with plasma observations but is also consistent with ionospheric occultation measurements from Galileo that suggest the presence of an ionosphere surrounding Callisto at the time of this flyby [Kliore et al., 2002] . The discrepancy in observed electron densities between these two flybys may therefore be associated with the much weaker plasma interaction during C22 compared to C10 [cf. Liuzzo et al., 2016] .
We also note that during C22, Callisto's dayside hemisphere coincided with its ramside hemisphere, whereas both hemispheres were nearly antialigned during C10. Thus, during C22, the bulk of the ionospheric plasma LIUZZO ET AL.
CALLISTO C21, C22, C23, AND C30 FLYBYSneeded to circumnavigate Callisto, which may also contribute to the lower plasma density directly downstream of the moon compared to C10. At the time of the C22 flyby, Callisto's magnetic environment was dominated by the induced dipole and currents associated with the plasma interaction were weak (due to the large distance to the center of Jupiter's current sheet). Therefore, the ionosphere made only a minor contribution to the already weak Alfvén wings (on the order of 10% of B 0 ; see Figure 2d ).
The C21 Flyby
The Galileo C21 flyby of Callisto occurred on 30 June 1999, with a closest approach altitude of d C∕A = 1048.1 km (0.43 R C ). At the time of this flyby, Callisto was located at a distance of h cs = −1.87 R J south of the center of Jupiter's magnetospheric current sheet. Hence, the magnetic moment induced within Callisto's subsurface ocean was only slightly weaker than for the C10 flyby (h cs = −2.45 R J ). The trajectory of the C21 flyby was similar to that of C10, with the spacecraft traveling from Callisto's y < 0 hemisphere into its y > 0 hemisphere (see Figure 1 ).
Displayed in Figure 3a are the magnetic field components (black) measured by Galileo during C21. As with Figure 2a , the vertical dashed lines correspond to the outer edges of Callisto's geometric plasma shadow, and the vertical solid line denotes the closest approach of the spacecraft. The nonconstant magnetospheric background field has been subtracted in Figure 3a to improve visibility of the magnetic perturbations that were observed during the flyby. These perturbations above or below the background value are denoted by B x,y,z (i.e., the perturbations B x,y,z are centered around a baseline value of 0). Magnetic field data for C21 with the background field included are shown in Figure 6 of Liuzzo et al. [2016] and are therefore not included here again.
The magnetospheric background field at closest approach was B 0 = [ −5.0x + 28.0ŷ − 5.0ẑ ] nT, with |B 0 | = 28.9 nT. Thus, the background field is inclined by only 10 ∘ against the y axis and also forms an angle of only about 10 ∘ with the z = 0 plane. For our physical interpretation we can therefore, in good approximation, assume that B 0 is (nearly) parallel to the positive y axis. The observed magnetic field projected onto Callisto's equatorial (z = 0) plane can be seen in Figure 4a .
The magnetic field displayed strong perturbations during the C21 wake passage with magnitudes of approximately 20-30 nT in all three components (Figure 3a) . The most peculiar feature is the substantial increase of B x detected within Callisto's geometric plasma shadow between 07:41 and 07:49, as visible in Figures 3a and 4a . An M-like feature is clearly visible in that region, with the maximum perturbation B x,max comparable to |B 0 | at closest approach (i.e., B x,max ∕|B 0 | ≈ 1). As is demonstrated in Figure 4a , the magnetic field nearly pointed toward downstream in that region. Compared to other wakeside Callisto flybys with similar C/A altitudes, the next largest perturbation of B x,max ∕|B 0 | ≈ 0.36 was observed during the C23 flyby (see section 4.3). The B x increase measured during C21 is rather anomalous for Callisto's geometric plasma shadow: a strong magnetic field component aligned with the corotation direction usually indicates field line draping. However, the results of Liuzzo et al. [2015 Liuzzo et al. [ , 2016 suggest that even for high Alfvénic Mach numbers (i.e., M A ≫ 1) the draped field lines do not penetrate significantly into Callisto's plasma shadow.
During the C21 flyby, the sequence of the detected B x perturbations (see Figure 3a) was qualitatively similar to those observed during the C10 flyby [Liuzzo et al., 2016] . During both encounters, a B x < 0 signature was detected inbound of Callisto's geometric plasma shadow. This decrease was followed by a B x > 0 segment and a subsequent B x < 0 segment while Galileo was in the moon's plasma shadow. Finally, after exiting the shadow, a region of B x > 0 was encountered, before B x returned to its background value (i.e., B x = 0). For the C10 flyby, Liuzzo et al. [2016] found that this sequence of B x features corresponded to two distinct regions of Callisto's magnetic environment: outside of Callisto's plasma shadow, the moon's plasma interaction dominated, generating field line draping and Alfvén wings. Within the geometric plasma shadow, induction in Callisto's subsurface ocean dominated the observed magnetic field and the quasi-dipolar core region, partially protected from the plasma interaction, was visible [see Liuzzo et al., 2016, Figure 4a ]. However, the four B x features seen during C10 were all approximately of the same magnitude. For the C21 flyby, the B x enhancement within Callisto's plasma shadow (from 07:41 to 07:49) was anomalously strong compared to the other three perturbations (i.e., B x < 0 from 07:32 to 07:41, B x < 0 from 07:48 to 07:53, and B x > 0 from 07:53 to 07:58; see Figure 3a ).
To determine whether the large B x > 0 enhancement seen in the geometric plasma shadow during C21 was related to Callisto's wakeside quasi-dipolar core region, we evaluate the contribution of the induced dipole LIUZZO ET AL.
CALLISTO C21, C22, C23, AND C30 FLYBYS (Figure 4b ) in the direction of corotation (i.e., with = 0 ∘ ) and (Figure 4c ) offset by an angle > 0 into the Jupiter-averted hemisphere. Callisto's induced magnetic moment and resulting dipolar field lines are depicted in magenta. The associated quasi-dipolar core region is depicted at Callisto's wakeside well below the trajectory of the (lavender line) C21 flyby. Magnetic field lines (blue) drape to form Alfvén wings and generate perturbations of (red) positive B x above and (blue) negative B x below the background value. The moon's geometric plasma shadow is shaded light gray. Note that the figure is not to scale, especially regarding the quasi-dipolar core region, Callisto's ionosphere and induced magnetic field, and the location of the flyby trajectory.
to the magnetic field along the C21 trajectory. Using the magnetospheric background field B 0 around C/A of C21, equation (2) yields an induced magnetic moment of
18 Am 2 that is tilted by only 10 ∘ against the −y axis. As Callisto's distance to the center of Jupiter's current sheet (h cs ) was slightly less than during the C10 flyby, the magnitude of the induced magnetic moment for C21 (|M ind | = 1.96 ⋅ 10 Hence, at the C/A altitude of the C21 flyby (d C∕A = 0.43 R C ), the r −3 dependence of the induced dipole field would yield a maximum perturbation of B x,max = 1.69 nT above the magnetic poles of Callisto. However, C/A of the C21 flyby occurred in the magnetic equatorial plane of Callisto's induced dipole (i.e., near the intersection of the trajectory with the x axis; see Figure 4 ), where the induced field is nearly a factor of 2 weaker than the maximum value near the magnetic poles. The magnetic field signatures generated by the induced dipole along the C21 trajectory are included in Figure 3a in blue and are clearly much weaker than the observed field perturbations. In addition to the magnitudes of the dipole-generated B x and B y features being too weak, the orientation of the induced magnetic field in the moon's plasma shadow is not consistent with the observed perturbations either.
If the measured B x and B y signatures in Callisto's geometric plasma shadow were related to the induced field, they must therefore have been generated through "stretching" of the dipole field into the wake due to the plasma interaction. If such a deformation were able to explain the observed B x enhancement of nearly 30 nT, the maximum B x generated by the pure dipole along C21 ( B x = 0.85 nT) would have to be enhanced by a factor of 35. Such strong stretching of the wakeside dipolar field is implausible at close distances to Callisto, especially since it is not consistent with magnetic field observations and modeling of the moon's plasma interaction during the C10 flyby [Liuzzo et al., 2016] . Hence, although qualitatively similar B x perturbations were detected during C10 and C21, deformation of the moon's induced dipole could not have generated the perturbation signatures measured in Callisto's geometric plasma shadow during C21.
We now investigate whether the plasma interaction with Callisto's ionosphere and induced dipole could have generated the observed magnetic perturbations, particularly in B x . A schematic of the expected B x signatures in Callisto's equatorial plane is displayed in Figure 4b . Jovian field lines frozen into the (nearly) corotating magnetospheric plasma pile up on the ramside (x < 0) of Callisto and drape around the moon's (yellow) ionosphere and (magenta) induced dipole. Farther from Callisto, the draped field lines form Alfvén wings, resulting in B x < 0 in the moon's Jupiter-averted (y < 0) hemisphere and B x > 0 in its Jupiter-facing (y > 0) hemisphere. The large C/A altitude of C21 prevented Galileo from sampling the quasi-dipolar core region downstream of Callisto (see Figure 4b ). This is also visible in Figure 3b , which shows that this region only extended approximately 0.2 R C above the moon's wakeside surface. Therefore, the spacecraft, with its closest approach altitude of d C∕A = 0.43 R C , did not intersect this region.
Represented by the dark green lines in Figure 3a are the magnetic perturbations along the C21 trajectory from a hybrid simulation with an upstream flow velocity of u 0 = u 0x and u 0 = 320 km/s (denoted corotational in Table 2 ). Inbound of Callisto's geometric plasma shadow, the modeled B x < 0 feature corresponds to draped field lines in the moon's Jupiter-averted (northern,  − ) Alfvén wing, which is also visible in Figure 3b . However, although the model shows qualitatively similar signatures as the data within this region, the modeled perturbation of B x ≈ −16 nT is nearly three times as strong as the measured perturbation. Additionally, the decrease in B x would have been encountered much earlier in the model (before 07:30) compared to the actual observation (near 07:35).
Outbound of Callisto's geometric plasma shadow, the hybrid model (dark green line in Figure 3a) suggests a passage through the moon's Jupiter-facing (southern,  + ) Alfvén wing, with a peak perturbation of B x ≈ 24 nT near 07:53. During the C21 flyby, a B x > 0 signature of similar magnitude was observed within Callisto's geometric plasma shadow. However, this region of measured B x > 0 had a spatial extension of less than 1.3 R C along the C21 trajectory and was confined entirely to Callisto's plasma shadow, whereas the region of modeled B x > 0 extends out of the shadow for more than 6 R C into the Jupiter-facing hemisphere (see also Figure 3b ). The modeled B x < 0 feature inbound of Callisto's plasma shadow (corresponding to the Jupiter-averted wing) gradually transitions to the modeled B x > 0 feature outbound of the shadow (corresponding to the Jupiter-facing wing). Thus, the results of the simulation suggest that Callisto's plasma interaction is indeed able to produce a B x > 0 of the same magnitude as the observed perturbation. However, this simulation produces a broad enhancement in B x and is not able to explain the alternating signs of the observed B x perturbations.
Only in the center of Callisto's geometric plasma shadow the modeled orientation and strength of the B y < 0 signature (dark green line in Figure 3a ) are similar to the perturbation of B y ≈ −15 nT observed by Galileo in this region. However, Galileo detected regions of B y > 0 inbound and outbound of the plasma shadow, whereas the hybrid model rather suggests a broad decrease of B y without any fine structure in these regions. Figure 3c shows the modeled B y in Callisto's equatorial (z = 0) plane for the corotational run, with the expected pileup region visible at the moon's ramside. Downstream of Callisto, the modeled reduction of B y "fills" the moon's entire wake region.
The nearly featureless regions in B z observed during the C21 encounter inbound and outbound of Callisto's plasma shadow are represented by the hybrid model (dark green line in Figure 3a ) reasonably well. The most LIUZZO ET AL. CALLISTO C21, C22, C23, AND C30 FLYBYSimportant structure that is distinctly different between model and data is the "pillar" of B z > 0 that was observed near closest approach, from 07:46 to 07:49 (highlighted in turquoise in Figure 3a) . In this region, B z locally increased by more than 20 nT. The feature coincides with the second half of the M-like B x increase observed within Callisto's geometric plasma shadow. Similarly correlated enhancements in B x and B z were also seen in Callisto's plasma shadow during the C10 flyby. Liuzzo et al. [2016] attributed the spike observed during C10 to one of two possible sources: the first could have been the presence of a narrow filament of escaping plasma from Callisto's ionosphere, similar to the transient channels of escaping ions observed in Titan's wake during the Cassini T9, T63, and T75 flybys [Coates et al., 2012; Feyerabend et al., 2015] . Alternatively, the narrow spikes in B x and B z could have been magnetospheric in origin and therefore unassociated with Callisto's plasma interaction.
For the C21 flyby, the hybrid model predicts a localized enhancement in ionospheric O + 2 density at the outbound edge of Callisto's geometric plasma shadow, as visible in Figure 3d . The model shows an O + 2 number density increase by more than 2 orders of magnitude in the region where the pillar-like B z feature was observed. However, despite the modeled increase in ionospheric plasma density at this location, no simulation within the parameter regime explored was able to generate a strong and localized magnetic response in B z at the same position. Our ionosphere model represents only the "average" state of Callisto's ionosphere and therefore cannot account for transient, localized outflow events during a single flyby. We also note that the most comprehensive ionosphere model available for Callisto [Hartkorn et al., 2017] does not display any localized inhomogeneities that could produce such a narrow magnetic response (see Figure 10 in that work).
Overall, the mechanism that could be responsible for generation of a strong B x enhancement in Callisto's entire plasma shadow is still unclear. As shown in Figures 3a, 3b , and 4b, the only feature associated with Callisto's plasma interaction that would be able to produce a positive B x of comparable magnitude is the moon's Jupiter-facing (southern) Alfvén wing. However, the modeled wing is sampled at a location along the C21 trajectory that is inconsistent with the actual Galileo observation. One way to partially shift the Jupiter-facing wing into Callisto's plasma shadow is through an upstream flow u 0 pointing away from Jupiter:
where > 0 is the angle between the upstream flow velocity and the corotation direction (aligned withx). Such a noncorotational flow would "rotate" the Alfvén wing characteristics (see equation (4)) clockwise around Callisto, and as a result, the Jupiter-facing wing (along with its associated B x > 0 perturbation) would penetrate into the moon's plasma shadow.
This effect has actually been observed by the Cassini spacecraft during the T9 wakeside flyby of Titan , and several hybrid models have successfully reproduced the associated magnetic field perturbations [Simon et al., 2007; Modolo et al., 2007; Kallio et al., 2007] . We therefore use this as a working hypothesis for the C21 flyby, especially since tentative analysis of plasma observations near Callisto indicates that the upstream magnetospheric flow direction may occasionally deviate from the corotation direction [see Seufert, 2012, Table 3 .2]. Although the survey of Galileo plasma data by Bagenal et al. [2016] intentionally excluded the times surrounding the Callisto encounters, their results are generally consistent with a nonnegligible radial flow component in Jupiter's middle magnetosphere (see Figures 3, 5, 7, and 8 in that work) . This may further substantiate our hypothesis of a rotated upstream flow for C21. A schematic of the resulting interaction is given in Figure 4c , where a nonzero component of the flow vector u 0 away from Jupiter is able to partially place Callisto's Jupiter-facing Alfvén wing into the moon's geometric plasma shadow.
Multiple simulations using various angles have been performed with the goal of rotating Callisto's Jupiter-facing Alfvén wing to the location of the observed B x > 0 within the plasma shadow. We have found that an angle of ≈ 50 ∘ (see equation (5)) is best suitable to meet this requirement for C21. Smaller angles fail to rotate the wing far enough into the plasma shadow, whereas much larger angles weaken the B x perturbation along the C21 trajectory too drastically to be detectable above the background field. Additionally, we tested the effect of a nonzero component of u 0 along the ±ẑ directions. Such a north/south aligned flow component reduces the cross section of the wing along the spacecraft trajectory. Hence, the B x perturbation has a more narrow spatial extension which would be compatible with the actual data. However, this also reduces the magnitude of the B x perturbation to much lower than the observed value.
Simulation results from the hybrid model with = 50 ∘ (denoted noncorotational in Table 2 ) are represented by the red lines in Figure 3a . As expected, the modeled B x > 0 feature is now rotated to fill Callisto's plasma LIUZZO ET AL. CALLISTO C21, C22, C23, AND C30 FLYBYSshadow, with the peak magnitude of the modeled enhancement still roughly consistent with the observed B x . The Jupiter-facing wing is visible in Figure 3e and penetrates much deeper into Callisto's geometric plasma shadow than in the corotational run (cf. Figure 3b) . Additionally, the peak magnitude of the B x perturbation in this wing is now slightly reduced due to the asymmetry of the draping pattern [see . However, the modeled B x > 0 is still much broader (extending more than 7 R C along the spacecraft trajectory) than the observed perturbation (with an extension of less than 1.3 R C ).
The modeled B y (see also Figure 3f ) and B z perturbations along the C21 trajectory are fairly robust against the rotation of u 0 : only small quantitative differences are present compared to the corotational run (see Figure 3a) . Additionally, the ionospheric O + 2 tail structure, visible in Figure 3g , is similar between the two simulations: outflow is mainly confined to a narrow channel downstream of Callisto, since ion gyration takes place nearly perpendicular to the z = 0 plane. However, while the picked up ionospheric particles still accumulate in the narrow B x ≈ 0 region of Callisto's magnetotail (white in Figures 3b and 3e) , this region is now rotated into Callisto's Jupiter-averted (y < 0) hemisphere.
In summary, the noncorotational simulation demonstrates that Callisto's steady state plasma interaction can generate a B x enhancement of the observed magnitude directly downstream of the moon. In this case, the plasma interaction model also predicts the observed B y < 0 reduction in the plasma shadow reasonably well. Despite this, there are also numerous observed features which are not consistent with Callisto's steady state plasma interaction, especially the alternating signs of the perturbations in B x and B y .
Hence, the steady state plasma interaction only partially completes our understanding of Callisto's magnetic environment during the C21 flyby. We therefore suggest that the remaining magnetic features may rather be generated by other mechanisms, including transient magnetospheric events. For instance, a short-lived plasma density enhancement near Callisto (e.g., due to the passage of a "blob" of plasma from Io traveling radially outward) could highly perturb the moon's local magnetospheric environment. Such an event has been observed, e.g., during the Galileo E12 flyby Europa on 16 December 1997. During the E12 flyby the magnetospheric plasma density near Europa exceeded 900 cm −3 , which is a factor of 9 higher than the maximum density expected from System III longitude variations [Kurth et al., 2001] . This unusual plasma environment generated magnetic field perturbations during E12 that were nearly 90% of the background field magnitude, compared to other Europa flybys where perturbations on the order of only 10% of the background field were measured [Kivelson et al., 1999] .
Similarly, the magnetic perturbations observed during C21 were much stronger than those detected during any other Callisto flyby. It is therefore possible that at the time of C21, Callisto was interacting with an enhanced, nonstationary flux of magnetospheric plasma which partially caused these unusual magnetic field signatures. The idea of an Iogenic plasma blob passing Callisto during C21 is even consistent with our finding that a radial flow component away from Jupiter slightly improves agreement between the modeled and measured magnetic field (even though the fine structures in B x and B y remain unresolved).
The C23 Flyby
The C23 flyby of Callisto occurred on 16 September 1999. During this encounter Galileo passed within d C∕A = 1052.3 km = 0.44 R C of the moon's surface. For the first time since the C3 flyby on 4 November 1996, Callisto was located slightly north of the center of the Jovian magnetospheric current sheet during an encounter, with h cs = 0.87 R J . Because Callisto was located close to the center of the sheet, the magnetic signatures generated by induction are expected to be weak compared to those of the plasma interaction. As visible in Figure 1 , the C23 trajectory was nearly identical to that of C22: Galileo traveled from Callisto's Jupiter-facing hemisphere (y > 0) into its Jupiter-averted hemisphere (y < 0) while located near the z = 0 plane. , e.g., Hill, 1979; Khurana and Kivelson, 1993] . The field magnitude |B| (see Figure 5a ) decreased by more than a factor of 2 during the crossing. These changes in the background field B 0 were much stronger than the perturbations detected closer to Callisto's geometric plasma shadow that may have been associated with the moon's magnetospheric interaction.
The reversals in the signs of B x and B y are slightly displaced with respect to the minimum of |B|. However, this displacement is on the order of a few Callisto radii; i.e., it is negligible on magnetospheric length scales. This weak displacement may be caused by the warping of the magnetospheric current sheet which is already discernible near the orbit of Callisto [see, e.g., Seufert et al., 2011, Figure 1A] . A local north-south asymmetry in the plasma density of the magnetodisk may also cause a slight asymmetry of the sweepback effect between both hemispheres. Figure 5a ). This value is comparable in strength to the local fluctuations in the magnetospheric background field that were observed throughout the flyby; i.e., the C23 magnetometer data do not contain a clearly discernible induction signature.
As the induced dipole during C23 was not strong enough to generate the magnetic signatures observed around Callisto's geometric plasma shadow, we have performed multiple simulations (with different sets of upstream conditions) to determine whether these perturbations can be explained by Callisto's plasma interaction. The red lines in Figure 5a display the hybrid model results using the magnetospheric background parameters from Table 2 Figure 5c . Due to the inclination, the B x perturbations weaken with increasing distance along the x axis. The slight asymmetry between the two wings can be attributed to the nonnegligible gyroradii of pickup ions near Callisto (see Table 2 ). As shown by Liuzzo et al. [2015] for a magnetospheric field with B x,0 = 0 nT and u 0 aligned withx, field line draping is symmetric only in planes containing B 0 and u 0 but becomes more and more asymmetric with increasing inclination of the cutting plane against B 0 . Because the z = 0 plane was not parallel to B 0 during C23, the draping pattern in this plane already exhibits a minor degree of asymmetry.
Along the C23 trajectory, the modeled Jupiter-facing wing is visible in B x between 17:08 and 17:23 with a minimum perturbation of B x ≈ −4 nT (red line in Figure 5a , first panel). The modeled wing in the Jupiter-averted hemisphere is visible from 17:30 to 17:45, with a maximum perturbation of B x ≈ +10 nT. These differences in |B x | result from the slight asymmetry associated with ion gyration (see above discussion) as well as the inclination of the C23 trajectory with respect to the y axis. This inclination caused Galileo to pass through the Jupiter-averted wing (outbound) closer to Callisto where the B x perturbations are stronger.
Our model results suggest that the B x signatures observed inbound and outbound of Callisto's geometric plasma shadow were indeed generated by the moon's Alfvén wings. Outbound of the shadow, the magnitude of B x observed within the wing is identical to that of the modeled wing (B x ≈ 10 nT). The extensions of the modeled and observed B x perturbations in that region are also very similar, with the modeled Jupiter-averted wing only slightly broader than observed. For the Jupiter-facing wing, the modeled perturbation of B x ≈ −4 nT is consistent with the average perturbation of ⟨B x ⟩ ≈ −4 nT measured along the inbound segment of the trajectory. Additionally, the extensions of modeled and observed B x perturbations (from 17:08 to 17:23, corresponding to approximately 0.75 R C along the flyby trajectory) are in very good agreement.
However, the model does not produce the observed short interruptions in the Jupiter-facing wing on the order of B x = 4 nT, marked by the two vertical arrows in Figure 5a (first panel). It is possible that these interruptions were related to Jupiter's current sheet sweeping over Callisto and were a precursor to the upcoming magnetic equator crossing that occurred approximately 35 min later. This may also have been true for the isolated spike in B z near 17:15. The Cassini spacecraft has detected similar magnetic perturbations in Saturn's magnetosphere as the giant planet's current sheet sweeps over Titan [e.g., Simon et al., 2010] . Alternatively, the two interruptions of B x in the Jupiter-facing wing may have been generated by localized inhomogeneities 10.1002/2017JA024303 of Callisto's ionospheric Pedersen and Hall conductances during C23 which mapped into the moon's Alfvén wing [see, e.g., Neubauer, 1998; Simon, 2015] .
The observed B y and B z components show no discernible Callisto-related perturbations (see Figure 5a ). The hybrid results are consistent with the observation of a nearly featureless B z component during C23. The observed spike near 17:15 where B z switched signs is not reproduced by the model, suggesting that this perturbation was indeed magnetospheric in origin and unrelated to Callisto. Additionally, in contrast to our C21 simulations, a rotation of the upstream flow velocity in Callisto's equatorial (z = 0) plane did not yield any improvement in agreement between model and data. In particular, such a rotation dislocated the modeled Jupiter-averted wing (B x > 0, from 17:30 to 17:45) from the observed position.
The hybrid simulation is consistent with the B y observations until near closest approach at 17:27. After C/A the hybrid model shows a B y increase of more than 10 nT, caused by magnetic field line draping in Callisto's Jupiter-averted Alfvén wing and (to a much lesser extent) by contributions from the induced dipole. It is possible that during C23, the B y signature of the Alfvén wings was obscured by the proximity to the Jovian magnetic equator crossing. However, a crossing of Jupiter's magnetic equator cannot be considered by our local simulation of Callisto's plasma environment, as such a crossing involves a nonnegligible change of B x,0 (i.e., the magnetic field component aligned with the upstream flow direction). Such an effect cannot be included in any local plasma simulation model without violating the ∇ ⋅ B 0 = 0 condition [see Feyerabend et al., 2016] .
Overall, our results indicate that Callisto's steady state plasma interaction alone is able to explain the observed Alfvén wing signatures in B x . Despite the strong changes in the ambient magnetospheric field conditions during the flyby, Callisto was still "magnetically visible," especially in B x where we were able to identify the moon's Alfvén wings in the magnetometer data. However, the C23 flyby is not suitable to impose further constraints on Callisto's subsurface ocean.
The C30 Flyby
The final Callisto flyby of the Galileo era, C30, occurred on 25 May 2001. During this last encounter, the spacecraft passed closer to Callisto's surface than during any other Galileo flyby, with a C/A altitude of only d C∕A = 131.9 km = 0.05 R C . Compared to the C23 flyby, Callisto was located even closer to the center of Jupiter's magnetospheric current sheet: during C30, the magnetic equator crossing nearly coincided with closest approach (see Figures 6a and 6b ). Similar to the C22 and C23 flybys, Galileo traveled from Callisto's Jupiter-facing (y > 0) hemisphere into its Jupiter-averted (y < 0) hemisphere. On average, the spacecraft remained approximately 0.23 R C above the z = 0 plane (see Figure 1 ). Figure 6a is the measured magnetic field during the C30 flyby (black). The magnetometer data includes a gap from 11:18 to 11:20 (corresponding to 0.44 R C along the spacecraft trajectory), just as Galileo entered Callisto's geometric plasma shadow. In contrast to the other six Callisto flybys, the ambient magnetospheric field B 0 during C30 was dominated by the north-south component. While Galileo was still within Callisto's geometric plasma shadow, the spacecraft passed through Jupiter's magnetic equator from south (B y,0 > 0) to north (B y,0 < 0) just after 11:25. This is also visible in Figure 6b which shows the observed magnetic field projected onto Callisto's equatorial plane before (depicted in light blue) and after (depicted in gold) the magnetic equator crossing. Along the inbound segment of the trajectory, B x,0 was slightly positive due to the corotation lag [e.g., Hill, 1979] . However, the change in sign of B x,0 that would be associated with a magnetic equator crossing occurred outside of the rather short time interval shown here.
Depicted in
Near closest approach to Callisto, Galileo detected a bipolar B x signature. From 11:22 to 11:26, a positive B x perturbation was observed with a maximum value of B x = 10 nT. Subsequently, between 11:26 and 11:30, a negative B x perturbation was detected with a minimum value of B x = −20 nT. The orientation of the B x perturbations in these regions is consistent with draping of the inbound magnetospheric field around Callisto. Since the inbound field had B y,0 > 0, draping would produce the observed B x enhancement in the moon's Jupiter-facing hemisphere as well as the observed B x decrease in its Jupiter-averted hemisphere. However, the observed increase in B y before closest approach to a value of B y = 20 nT is not consistent with field line draping, which would reduce B y .
The region of enhanced B x was "interrupted" by a discontinuity-like structure that was observed between 11:25:14 and 11:25:17 (highlighted in purple in Figure 6a ). This discontinuity extended less than 54 km (0.02 R C ) along the flyby trajectory and thus was even narrower than the rotational discontinuity detected LIUZZO ET AL. CALLISTO C21, C22, C23, AND C30 FLYBYS in Callisto's geometric plasma shadow during the C10 flyby (which had an extension of approximately 0.09 R C ). During C10, the observed discontinuity separated the wakeside quasi-dipolar core region from the moon's Jupiter-facing Alfvén wing [Liuzzo et al., 2016] .
We have performed a minimum variance analysis [Sonnerup and Cahill, 1967] of the discontinuity seen during C30. The minimum, medium, and maximum eigenvalues of the variance matrix are min = 0.1054, med = 2.1151, and max = 90.8239, respectively. These values yield a ratio between the minimum and medium eigenvalues of min ∕ med = 0.0498. The unit vector normal to the surface of the discontinuity was e min = [ 0.4319x + 0.8926ŷ + 0.1294ẑ ] ; i.e., it was aligned mainly withŷ and also had a nonnegligible component toward downstream. Although these observations qualitatively resemble the discontinuity seen during C10, the C30 discontinuity was not rotational as |B| increased by 9 nT at its location. The origin of the narrow structure observed during C30 is therefore unclear, but it may have been generated by dynamics of the neutral sheet between Callisto's magnetic lobes.
Denoted by the blue lines in Figure 6a are the magnetic signatures along the flyby trajectory that would be generated by an induced dipole. The associated magnetic moment M ind has been obtained by using the background field along the inbound segment of the C30 trajectory (i.e., B 0 ≈ [ 5.0x + 10.0ŷ − 14.0ẑ ] nT). As can be seen, the induced field was much too weak to make appreciable contributions to the magnetic signatures measured during C30. The projection of the induced dipolar field (see equations (1) and (2)) onto Callisto's equatorial plane is shown in Figure 6c . By comparing the orientations of these vectors in Callisto's geometric plasma shadow with those in Figure 6b , it is clear that the induced dipole is not suitable to explain the measured perturbations. We also note that using the background magnetospheric field at closest approach to calculate M ind would result in an even weaker induction signal, since B y,0 ≈ 0 at that location. These findings again emphasize that the discontinuity observed during C30 did not separate the induced dipole from the draped magnetospheric field, in contrast to the discontinuity observed during C10.
No hybrid modeling results are included in this study for the C30 flyby. Because of the small C/A altitude of the encounter (see Figure 1) , it is not possible to maintain a sufficient number of grid cells between Callisto's surface and the C30 trajectory while simultaneously using a domain large enough to exclude any impacts of the outer boundaries on the simulation results. Therefore, it is not feasible to provide reliable hybrid modeling results for C30 with current computing capacities.
Overall, magnetic field data from C30 show hints of field line draping and a discontinuity with a location and orientation similar to the discontinuity observed during C10. However, due to the moon's proximity to Jupiter's magnetic equator, the magnetometer data do not contain a discernible signature of induction from Callisto's subsurface ocean.
Summary and Concluding Remarks
This study has applied a combination of analytical modeling, hybrid simulations, and data analysis techniques to conduct an in-depth analysis of magnetometer data from the C21, C22, C23, and C30 Galileo flybys of Callisto. Accompanied by our two preceding studies [Liuzzo et al., , 2016 , this work provides a comprehensive portrait of Callisto's magnetic environment based on data from all flybys during the Galileo era. Callisto was encountered at various distances to the center of the Jovian magnetospheric current sheet, ranging from far outside (as during C22, where h cs = −4.3 R J ) to within the center of the sheet (as during C23 and C30, where h cs = 0.9 R J and h cs = 0.0 R J , respectively).
During all four of these flybys, Galileo detected clear signatures of field line draping/Alfvén wings at various strengths, partially obscured by ambient dynamics of the Jovian magnetosphere. However, magnetometer data obtained during these flybys showed no discernible induction signature from Callisto's subsurface ocean. Three effects contributed to the absence of measurable induction signals during C21, C22, C23, and C30:
1. Despite a "favorable" value of h cs , strong plasma interaction signatures obscured the induced dipolar field (C21). 2. Although a strong induction signal was present, the C/A altitude of the flyby was too large for detection of the induced dipole (C22). 3. Callisto was located very close to Jupiter's magnetic equator where the inducing component of the magnetospheric background field nearly vanishes (C23, C30).
The results of this analysis, in combination with our two previous studies [Liuzzo et al., , 2016 , provide constraints on the geometries of spacecraft flybys that are suitable to characterize Callisto's subsurface ocean based on magnetometer data alone. We thus classify the seven Galileo encounters of Callisto (where magnetic field measurements were taken) into three distinct groups. "First choice" flybys are highly suitable to confirm the existence and quantitatively characterize properties (i.e., conductivity, thickness, and depth) of Callisto's subsurface ocean. "Second choice" flybys are still suitable to identify Callisto's subsurface ocean in magnetometer data but also contain nonnegligible signatures generated by competing plasma effects (e.g., field line draping and pileup). These effects make it difficult to quantitatively constrain properties of the ocean. The remaining Galileo flybys that do not fit into either category are not suitable for detection of induction signatures associated with Callisto's subsurface ocean. This classification scheme is also helpful for planning and design of future missions (e.g., JUICE) that hope to characterize Callisto's subsurface ocean.
First choice flybys are those where Callisto is located far from the center of the Jovian magnetospheric current sheet and plasma currents are negligible. Therefore, the unobscured induction signal is clearly detectable in Callisto's ramside and wakeside hemispheres at altitudes well below 1 R C . The two examples of first choice Galileo flybys are the wakeside C3 and ramside C9 encounters [e.g., Khurana et al., 1998; Kivelson et al., 1999; Zimmer et al., 2000; Liuzzo et al., 2015] . Despite the large distance of Callisto from the center of the Jovian current sheet during C22 (similar to C3 and C9), the C/A altitude of that flyby was too large (Table 1) for detection of the induction signal. In other words, although the location of Callisto with respect to the Jovian current sheet was favorable, the high closest approach altitude excludes C22 from the first choice flyby category.
Second choice flybys are those where Callisto is located closer to the center of Jupiter's magnetospheric current sheet; i.e., magnetic signatures associated with plasma currents (like field line draping and pileup) are nonnegligible. However, the induction signal still dominates Callisto's magnetic environment in the moon's geometric plasma shadow below altitudes of 1 R C . While the induced dipole is visible at Callisto's wakeside, it is obscured at the ramside due to magnetic field pileup [Liuzzo et al., 2016] . As long as a second choice flyby takes place under nominal, steady state upstream conditions, magnetic field data may at least confirm the existence (but not allow to refine existing constraints on properties) of Callisto's subsurface ocean. The one example of a second choice Galileo flyby is the wakeside C10 encounter [Liuzzo et al., 2016] . Although the C21 flyby was similar to C10 in distance to the center of the Jovian magnetospheric current sheet and C/A altitude, atypical magnetospheric upstream conditions likely prevented identification of any induction signatures in observed magnetic field data.
In addition to C21 and C22, the C23 and C30 flybys were both not suitable for detection of Callisto's subsurface ocean due to the moon's close proximity to the center of the Jovian magnetospheric current sheet. Near the center of the sheet, plasma currents dominate Callisto's magnetic environment and the induction signatures are weak. For the upcoming JUICE mission, characterizing Callisto's subsurface ocean will therefore be most effective during future first choice or second choice flybys of the moon.
